Our recent study of the microRNA (miRNA) expression signature of bladder cancer (BC) by deep-sequencing revealed that two miRNA, microRNA-139-5p/micro-RNA-139-3p were significantly downregulated in BC tissues. The aim of this study was to investigate the functional roles of these miRNA and their modulation of cancer networks in BC cells. Functional assays of BC cells were performed using transfection of mature miRNA or small interfering RNA (siRNA). Genomewide gene expression analysis, in silico analysis and dual-luciferase reporter assays were applied to identify miRNA targets. The associations between the expression of miRNA and its targets and overall survival were estimated by the Kaplan-Meier method. Gain-of-function studies showed that miR-139-5p and miR-139-3p significantly inhibited cell migration and invasion by BC cells. The matrix metalloprotease 11 gene (MMP11) was identified as a direct target of miR-139-5p and miR-139-3p. Kaplan-Meier survival curves showed that higher expression of MMP11 predicted shorter survival of BC patients (P = 0.029). Downregulated miR-139-5p or miR-139-3p enhanced BC cell migration and invasion in BC cells. MMP11 was directly regulated by these miRNA and might be a good prognostic marker for survival of BC patients.
Our recent study of the microRNA (miRNA) expression signature of bladder cancer (BC) by deep-sequencing revealed that two miRNA, microRNA-139-5p/micro-RNA-139-3p were significantly downregulated in BC tissues. The aim of this study was to investigate the functional roles of these miRNA and their modulation of cancer networks in BC cells. Functional assays of BC cells were performed using transfection of mature miRNA or small interfering RNA (siRNA). Genomewide gene expression analysis, in silico analysis and dual-luciferase reporter assays were applied to identify miRNA targets. The associations between the expression of miRNA and its targets and overall survival were estimated by the Kaplan-Meier method. Gain-of-function studies showed that miR-139-5p and miR-139-3p significantly inhibited cell migration and invasion by BC cells. The matrix metalloprotease 11 gene (MMP11) was identified as a direct target of miR-139-5p and miR-139-3p. Kaplan-Meier survival curves showed that higher expression of MMP11 predicted shorter survival of BC patients (P = 0.029). Downregulated miR-139-5p or miR-139-3p enhanced BC cell migration and invasion in BC cells. MMP11 was directly regulated by these miRNA and might be a good prognostic marker for survival of BC patients.
B
ladder cancer (BC) is the most common cancer of the urinary tract, and the ninth most common cause of death worldwide. In the USA alone, it was estimated that 76 000 new cases were diagnosed and 1600 patients died in 2015. (1) BC can be categorized into two groups: non-muscle-invasive bladder cancer (NMIBC) and muscle-invasive bladder cancer (MIBC). Approximately 70-80% of patients are diagnosed with NMIBC, and some of them have a high risk of recurrence and a variable risk of progression despite local therapies. (2) The remaining 25% of MIBC patients are managed by radical surgery or radiotherapy, but often still have poor outcomes despite systemic therapies. (3) For patients with advanced BC or failure of first-line treatment, there are no clearly defined second-line treatments and none have definitively been shown to prolong overall survival. (4) Therefore, elucidation of novel molecular mechanisms of recurrence and muscle invasion are urgent issues associated with this disease.
MicroRNA (miRNA) are endogenous small non-coding RNA molecules (19) (20) (21) (22) bases in length) that regulate the expression of protein-coding/protein non-coding genes in a sequence-specific manner. (5, 6) A substantial amount of evidence has demonstrated that aberrantly expressed miRNA can act as oncogenes or tumor suppressors. These miRNA can disrupt tightly controlled RNA networks in cancer cells. (7) Identification of aberrantly expressed miRNA in cancer cells could provide important clues for the investigation of novel molecular mechanisms of initiation, progression and metastasis in cancer cells.
In miRNA biogenesis, it is the general consensus that processing of the pre-miRNA through Dicer1 generates a miRNA duplex (a passenger strand and a guide strand), and that the passenger strand has no regulatory activity and disintegrates in cells. (5) More recently, we showed that miR-144-5p (passenger strand) and miR-144-3p (guide strand) induced cell cycle arrest and acted as tumor suppressors in BC cells. Moreover, miR-144-5p directly regulated several cell cycle related genes, including CCNE1, CCNE2, CDC25A and PKMYT1. (8) Our data strongly suggested that both miRNA strands derived from the miRNA duplex actually have biological functions in normal or cancer cells. Our recent study of the miRNA expression signature of BC by deep-sequencing showed that miR-139-5p (guide strand) and miR-139-3p (passenger strand) derived from pre-miR-139 were downregulated in BC tissues.
The aim of the present study was to investigate the functional significance of miR-139-5p/miR-139-3p and to identify the molecular targets that are regulated by these miRNA in BC cells. Our data demonstrated that restoration of miR-139-5p/miR-139-3p significantly inhibited cancer cell viability through targeting of the matrix metalloprotease 11 (MMP11). We expect that this analysis will provide novel insights into the potential molecular mechanisms of miRNA-RNA networks in BC cells, and will facilitate the development of novel diagnostic and therapeutic strategies for treatments of the disease.
Materials and Methods
Clinical specimens and cell culture. The tissue specimens were collected from 62 BC patients at Kagoshima University Hospital between 2003 and 2013. Normal bladder epithelia (NBE) (n = 23) were derived from patients with noncancerous disease. The specimens were staged according to the American Joint Committee on Cancer-Union Internationale Contre le Cancer (UICC) TNM classification and histologically graded. (9) Our study was approved by the Bioethics Committee of Kagoshima University; prior written informed consent and approval were obtained from all patients. Clinicopathological characteristics of the patients are listed in Table S1 . We used two human BC cell lines: T24 and BOY. These cell lines were described in our previous studies. (10) (11) (12) Tissue collection and RNA extraction. Tissues were immersed in RNAlater (Thermo Fisher Scientific, Waltham, MA, USA) and stored at À20°C until RNA extraction was conducted. Total RNA, including miRNA, was extracted using the mirVana miRNA Isolation Kit (Thermo Fisher Scientific) following the manufacturer's protocol.
Quantitative real-time RT-PCR. Stem-loop RT-PCR (TaqMan MicroRNA Assays; product ID: 17100 for miR-139-5p and product ID: 17100 for miR-139-3p; Applied Biosystems, Foster City, CA, USA) was used to quantify miRNA according to the manufacturer's protocol for PCR conditions. TaqMan probes and primers for Matrix metalloprotease 11: MMP11 (product ID: Hs 00968295_m1; Applied Biosystems) were assay-ondemand gene expression products. We used human GUSB (product ID: Hs99999908_m1; Applied Biosystems) and RNU48 (product ID: 001006; Applied Biosystems) as internal controls.
Mature miRNA and small interfering RNA transfection. As described previously, (10) (11) (12) BC cell lines were transfected with Lipofectamine RNAiMAX transfection reagent and Opti-MEM (Thermo Fisher Scientific) with 10-30 nM mature miRNA molecules. We used pre-miR miRNA precursors (hsa-miR-139-5p; product ID: PM11749, hsa-miR-139-3p; product ID: PM25489, and negative control miRNA; product ID: AM17111; Thermo Fisher Scientific), si-MMP11 (product ID: HSS105529 and HSS179967; Thermo Fisher Scientific) and negative control siRNA (product ID: D-001810-10; Thermo Fisher Scientific).
Cell proliferation, migration and invasion assays. Cell proliferation, migration and invasion assays were carried out as previously described. (10) (11) (12) Cell proliferation was determined by using an XTT assay (Roche Applied Sciences, Tokyo, Japan) performed according to the manufacturer's instructions. Cell migration activity was evaluated by wound healing assay. Cells were split into sixwell dishes, and the cell monolayer was scraped using a P-20 micropipette tip. The initial gap length (0 h) and the residual gap length (24 h) after wounding were calculated from photomicrographs. A cell invasion assay was carried out using modified Boyden chambers consisting of Transwell-pre-coated Matrigel membrane filter inserts with 8-mm pores in 24-well tissue culture plates (BD Biosciences, Bedford, MA, USA). MEM containing 10% FBS in the lower chamber served as the chemoattractant. All experiments were performed in triplicate.
Western blot analyses. After transfection (72 h), protein lysates were separated on NuPAGE 4-12% Bis-Tris gels (Thermo Fisher Scientific) and transferred onto PVDF membranes. Immunoblotting was conducted with diluted monoclonal anti-MMP11 antibodies (1:250, ab52904; Abcam, Cambridge Science Park in Cambridge, UK) and with diluted anti-GAPDH antibodies (1:5000, MAB374; Chemicon, Temecula, CA, USA). The membrane was washed and then incubated with goat anti-rabbit or mouse IgG (H+L)-HRP conjugate (Bio-Rad, Hercules, CA, USA). Specific complexes were visualized with an echochemiluminescence (ECL) detection system (GE Health-care, Little Chalfont, UK).
Putative target gene analysis of miR-139-5p/miR-139-3p and MMP11. To investigate the expression status of candidate miR-139-5p/miR-139-3p target genes in BC clinical specimens, we examined gene expression profiles in the Gene Expression Omnibus (GEO) database (accession number: GSE11783+GSE31684). A SurePrint G3 Human GE 8960K Microarray (Agilent Technologies, Santa Clara, CA, USA) was adopted for expression profiling of miR-139-5p/miR-139-3p and si-MMP11 transfectants. We merged these datasets and selected putative miR-139-5p and miR139-3p target genes using microRNA.org (August 2010 release, http://www.microrna.org). (13) The strategies for investigation of the target genes are shown in Figures S1 and S2.
Plasmid construction and dual-luciferase reporter assay. Partial wild-type sequences of the 3 0 -untranslated region (UTR) of MMP11 or those with a deleted miR-139-5p or miR-139-3p target site were inserted between the XhoI and PmeI restriction sites in the 3 0 -UTR of hRluc gene in the psiCHECK-2 vector (C8021; Promega, Madison, WI, USA). The procedure for dual-luciferase reporter assay has been described previously. (10) (11) (12) 14) Immunohistochemistry in tissue microarray. A tissue microarray of bladder cancer samples was obtained from Biomax (BL1002; Rockville, MD, USA). Detailed information on all tumor specimens can be found at www.biomax.us/index.php. Patient characteristics are summarized in Table S2 . The tissue microarray was immunostained following the manufacturer's protocol with an UltraVision Detection System (Thermo Scientific). The primary rabbit monoclonal antibodies against MMP11 (ab52904; Abcam) were diluted 1:100. The immunostaining result was evaluated using the scoring method described previously. (15) All samples were independently scored by two of the authors (M. Yonemori and R. Matsushita), who were blinded to the patient status.
Statistical analysis. Relationships between two or three variables and numerical values were analyzed using the Mann-Whitney U-test or the Bonferroni-adjusted Mann-Whitney U-test. The relationship between miR-139-5p/miR-139-3p and MMP11 mRNA expression was analyzed with the Spearman rank correlation. We estimated overall survival by using the Kaplan-Meier method. These analyses were carried out by using Expert Stat View software, version 5.0 (Cary, NC, USA).
Results
The expression levels of miR-139-5p/miR-139-3p in bladder cancer specimens and bladder cancer cell lines. We evaluated the expression levels of miR-139-5p/miR-139-3p in BC tissues (n = 62), normal bladder epithelia (NBE) (n = 23) and BC cell lines (T24 and BOY). The expression levels of miR-139-5p/ miR-139-3p were significantly lower in tumor tissues and BC cell lines than in NBE (P < 0.0001, Fig. 1a upper and middle). There was a positive correlation between the expression levels of miR-139-5p/miR-139-3p (r = 0.925, P < 0.0001, Fig. 1a , bottom). There were no significant correlations between any of the clinicopathological parameters (i.e. tumor stage and grade) and the expression of miR-139-5p or miR-139-3p (data are not shown).
In human genome, pre-miR-139 (miR-139-5p and miR-139-3p) is located on the human chromosome 11q13.4 region and this miRNA is encoded within the second intron of phosphodiesterase 2A (PDE2A) gene (Fig. S3a) . We also investigated the expression of PDE2A (host gene of pre-miR-139) and confirmed the downregulation of PDE2A in BC clinical specimens and cell lines (Fig. S3c,d ). To investigate the molecular mechanisms of silencing of these miRNA, BC cells were treated with the demethylating agent [5-aza-2'-deoxycytidine (5-aza-dC)]. Expression of miR-139-5p, miR-139-3p and PED2A were significantly elevated after 5-aza-dC treatment in BC cells (Fig. S3b) . These data indicated that DNA methylation might cause silencing of miR-139-5p and miR-139-3p in BC cells.
Effects of restoring miR-139-5p and miR-139-3p on cell proliferation, migration and invasive activities in bladder cancer cell lines. To examine the functional roles of miR-139-5p and miR-139-3p, we performed gain-of-function studies by using miRNA-transfected BOY and T24 cells. XTT assays revealed that there was a significant inhibition of cell proliferation in the miR-139-3p-transfectants (P < 0.0001), but not in the miR-139-5p-transfectants (Fig. 1b) . Wound healing and Matrigel invasion assays demonstrated significant inhibition of cell migration and invasion in both the miR-139-5p and miR-139-3p-transfectants (P < 0.0001 or P < 0.005) (Figs 1c,  d , and S4).
To investigate the synergistic effects of miR-139-5p and miR-139-3p, we performed the functional assays (cell proliferation, migration and invasion) by co-transfection of mature miR-139-5p and miR-139-3p into the bladder cancer cell lines (T24 and BOY). However, we found no synergistic effect by co-transfection of miR-139-5p and miR-139-3p (Fig. S5) .
Screening of putative genes commonly targeted by miR-139-5p
and miR-139-3p in bladder cancer. To gain further insight into the molecular mechanisms regulated by tumor-suppressive miR-139-5p/miR-139-3p in BC cells, we screened miR-139-5p (b) MMP11 protein expression was evaluated by Western blotting 72 h after transfection with si-MMP11 (10 nM). GAPDH was used as a loading control. (c) Cell proliferation was determined by XTT assays (*P < 0.0001). (d) Cell migration activity was determined by wound healing assays (*P < 0.0001; **P < 0.001). (e) Cell invasion activity was determined by Matrigel invasion assays (*P < 0.0001; ***P < 0.05). and miR-139-3p-regulated genes by using in silico and genome-wide gene expression analysis. First, we examined gene expression signatures that were upregulated in clinical BC specimens from GEO database and found that 9134 genes were significantly upregulated in 90 BC compared to 6 NBE. Importantly, we found that in T24 521 of those genes were downregulated in miR-139-5p-transfectants. Moreover, 1304 genes were downregulated in miR-139-3p transfectants of T24. We narrowed the number of target genes down to 179 and 277 as putative targets for miR-139-5p or miR-139-3p, respectively, by means of the miRNA.org database. (13) Finally, a total of 22 genes were listed as promising candidates that were commonly targeted by both miRNA in BC (Table 1) . Then, we focused on the MMP11 gene because it was at the top of the list.
MMP11 was directly regulated by miR-139-5p and miR-139-3p. We performed quantitative real-time RT-PCR to determine whether restoration of miR-139-5p or miR-139-3p resulted in downregulating MMP11 mRNA expression in T24 and BOY cells. The mRNA levels of MMP11 were significantly reduced in miR-139-5p or miR-139-3p transfectants in comparison with mock or miR-control transfectants (P < 0.001, Fig. 2a) . The protein expression levels of MMP11 were also significantly reduced in the transfectants (Fig. 2b) . Furthermore, we performed dual-luciferase reporter assays in BC cells to determine whether the gene was directly regulated by miR-139-5p or miR-139-3p. The microRNA.org database predicted that there was a binding site for miR-139-5p and one for miR-139-3p in the 3 0 -UTR of MMP11 (positions 101-117 and 87-108, respectively) (Fig. 2c) . We used vectors encoding the partial wild-type sequence of the 3 0 -UTR of the mRNA, including the predicted miR-139-5p or miR-139-3p target sites. We found that the luminescence intensity was significantly reduced by co-transfection with miR-139-5p or miR-139-3p and the vector carrying the wild-type 3 0 -UTR, whereas transfection with the deletion vector (the binding site had been removed) blocked the decrease in luminescence (P < 0.001, Fig. 2d ). These data suggested that miR-139-5p and miR-139-3p bound directly to specific sites in the 3 0 -UTR of MMP11.
Effects of MMP11 knockdown on cell proliferation, migration and invasion in bladder cancer cells. To investigate the functional role of MMP11, loss-of-function studies were carried out by examining si-MMP11 transfectants. First, the knockdown efficiency of si-MMP11 transfection was evaluated in BOY and T24 cells. Western blot analyses and quantitative real-time RT-PCR showed that si-MMP11 effectively downregulated MMP11 expression in T24 and BOY cells (Fig. 3a,b) . XTT, wound healing and Matrigel invasion assays showed that cell proliferation, migration and invasion were inhibited in si-MMP11 transfectants compared to mock or si-control transfectants in T24 and BOY cells (Fig. 3c-e) .
Expression of MMP11 in bladder cancer clinical specimens. Quantitative real-time RT-PCR analyses showed that expression levels of MMP11 were significantly upregulated in 62 BC specimens compared with 23 NBE (P = 0.0061, Fig. 4a ). Spearman's rank test showed negative correlation between miR-139-5p/miR-139-3p expression and MMP11 Fig. 5 . The association between the expression level of MMP11 with clinicopathological parameters. The association of MMP11 expression with clinicopathological parameters was determined with the Mann-Whitney U-test. GUSB was used as an internal control.
mRNA expression (r = À0.21 and À0.25, P = 0.058 and P = 0.022, Fig. 4b ). Next, we evaluated the correlation of MMP11 expressions with clinicopathological factors (Fig. 5) .
The expression level of MMP11 was significantly higher in BC with lymph node metastasis (N1≦) (P = 0.013) and distant metastasis (M1) (P = 0.022, Fig. 5 ). We examined the correlation of MMP11expression levels with prognosis using the Kaplan-Meier method. Kaplan-Meier analysis showed that the high MMP11 expression group had significantly lower overall survival (OS) probabilities compared to the low MMP11 expression group (P = 0.029, Fig. 6 ). However, Cox proportional hazards regression multivariate analysis revealed that the expression level of MMP11 was not an independent predictor of OS (Table S3) . Immunohistochemistry in tissue microarray. Representative immunohistochemistry of MMP11 is shown in Figure 7 . The MMP11 was strongly expressed in BC compared with NBE. The expression score of BC was significantly higher than that of NBE (P = 0.0186, Fig. 7a ). However, we found no significant difference between the MMP11 expression score and pathological parameters (tumor stage and grade) of BC patients (Table S4 ).
Downstream gene regulated by miR-139-5p/miR-139-3p/ MMP11 axis. To identify the downstream genes regulated by the miR-139-5p/miR-139-3p/MMP11 axis, a genome-wide gene expression analysis and in silico analysis were performed in two BC cell lines transfected with si-MMP11. Following the strategy of Figure S2 , we identified a total of 116 genes. Some portion of them may have oncogenic function through miR-139-5p/miR-139-3p/MMP11 axis (Tables 2 and S5 ).
To validate the putative candidate of downstream genes which regulated by miR-139-5p/miR-139-3p/MMP11 axis in BC cells, we investigated the expression levels of SPC24, CYR61, CXCL1, CXCL3 and IL6 in miR-139-5p, miR-139-3p and si-MMP11 transfectants by RT-PCR (Table S6) . Expression levels of these genes were reduced by miR-139-5p, miR-139-3p and MMP11 transfections, suggesting these genes were regulated by miR-139-5p/miR-139-3p/MMP11 axis in BC cells (Fig. S6) .
Discussion
Aberrantly expressed miRNA can disturb normally regulated RNA networks and disrupt physiologic processes in cancer cells. Strategies to identify aberrant expression of miRNAmediated cancer pathways are being developed, and they represent a new direction in cancer research in the post-genome Fig. 6 . The association between the expression level of MMP11 and overall survival. Kaplan-Meier survival curves for overall survival rate based on MMP11 expression in 62 BC patients. P-values were calculated using the log-rank test. sequencing era. Based on the miRNA expression signature of BC cells, we have continued the identification of novel tumorsuppressive miRNA and their dysregulated BC oncogenic targets and pathways. Our past studies demonstrated that clustered miRNA, miR-1/133a, miR-195/497 and miR-23b/27b/24-1 had tumor-suppressive functions through their targeting of several oncogenic genes and pathways in BC cells. (8, (10) (11) (12) 14) Our deep sequencing-based miRNA signature analysis of BC showed that miR-144-5p and miR-144-3p (derived from premiR-144) function as anti-tumor effectors in BC cells. (8) More recently, we demonstrated that both strands of pre-miR-145, miR-145-5p (guide-strand) and miR-145-3p (passenger-strand), act as antitumor miRNA in BC cells by regulating UHRF1. (16) The passenger strand has been considered to be immediately degraded after generation and have no functional role. Unlike the past concept, our data indicated that the passenger strand of miRNA has actually functioned in cancer cells. These study showed that both guide and passenger strands of miRNA have biological functions through their regulation of several genes in BC cells. These findings overturn past concepts of miRNA biogenesis. In this study, we focused on the miR-139-5p (guide strand) and miR-139-3p (passenger strand) because these miRNA were significantly reduced in BC cells based on data from deep sequencing-based miRNA signatures. (10) Our present data showed that restoration of miR-139-5p or miR-139-3p significantly inhibited cancer cell migration and invasion, suggesting that both strands of miR-139 had anti-tumour effects in BC cells. We found no synergistic effect by co-transfection of miR-139-5p and miR-139-3p. In contrast, cell viabilities measured by cell proliferation, migration and invasion were relatively restored in the co-transfectants compared to the independent transfectants (miR-139-5p or miR-139-3p) (Fig. S5) . Because of the complementary binding between miR-139-5p and miR-139-3p, each miRNA could not function enough in the co-transfection experiments. Therefore, antitumor effects might decrease in the co-transfection experiments compared to the independent transfection of each miRNA.
Recent studies indicated that miR-139-5p had anti-tumor effects in several types of cancer. (17, 18) Ectopic expression of miR-139-5p in non-small cell lung cancer cell lines suppressed cell growth, metastasis and induction of apoptosis through inhibition of CCDN1, KIP27, MMP7, MMP9 and c-MET. (18) In hepatocellular carcinoma (HCC), miR-139-5p regulates ROCK2 in cancer cell, and its reduction of miR-139-5p promoted the metastatic abilities of HCC cells. (17) These previous studies and our present analysis provide multiple examples that reveal anti-cancer effects of miR-139-5p in deferent type cancer cells. In contrast to miR-139-5p, the function of miR-139-3p in cancer cells is still ambiguous. It is important to investigate the functional significance of miR-139-3p and its target genes in the various types of cancer.
Bioinformatic predictions indicate that more than 60% of transcripts in the human genome are regulated by miRNA. (19) Downregulated tumor-suppressive miRNA permit expression of oncogenes. We speculate that miR-139-5p and miR-139-3p work in concert to downregulate genes that promote metastasis in BC cells. To better understand BC metastasis, we identified common target genes of miR-139-5p and miR-139-3p by use of in silico analysis. Molecular target searches revealed that MMP11 was directly regulated by miR-139-5p and miR-139-3p in BC cells. Overexpression of MMP11 was confirmed in BC clinical specimens. Furthermore, Kaplan-Meier analysis showed that high MMP11 expression groups had significantly lower overall survival. Thus, MMP11 has the potential to be a good prognostic marker and therapeutic target in BC.
MMP11 (initially named Stromelysin-3) was cloned in 1990 from a cDNA library constructed from breast cancer surgical specimens. (20) Matrix metalloproteinases (MMP) comprise a super-family of zinc-dependent endopeptidases, and numerous studies have demonstrated that MMP can enhance cancer cell migration, invasion and metastasis through degradation of the extracellular matrix (ECM). (21) Unlike other MMP, MMP11 does not cleave any classical ECM components, suggesting that it plays indirect roles in ECM remodeling in cancer cells. (22) Previous studies showed that high expression of MMP11 correlated with poor prognosis and predicted recurrence in breast cancer. (23) A recent study of colorectal cancer showed that MMP11 expression was a predictive survival marker of colorectal cancer patients. (24) Moreover, oncogenic roles of MMP11 were reported in several cancers, including cervical cancer and gastric cancer. (25, 26) Our present data indicated that MMP11 expression was significantly related to survival of BC patients, suggesting MMP11 and its regulated pathways might be a potential target of treatment of this disease. More detailed studies of the function of MMP11 in BC cells are necessary. Current data have shown that the expression of MMP affected multiple signaling pathways that modulate both normal and pathologic processes. (27) To investigate the molecular mechanisms of MMP11 in BC cells, we applied a genome-wide gene expression analysis using si-MMP11 transfectants. Our data showed that several genes known to contribute to cancer cell aggressiveness were downstream from MMP11, such as CXCL1 and CXCL3. Aberrant expression and activation of chemokines are known to enhance malignancies of several cancers. (28) CXCL1 interacts with the G-proteincoupled receptor CXCR2, and plays a key role in inflammation. Overexpressed CXCL1 has been reported in colon, skin, renal, prostate and breast cancers. (28) Past studies showed that CXCL1 modulates the invasive abilities of BC cells and this chemokine may be a potential biomarker for invasive bladder cancer. (29) Expression of CXCL1 is upregulated in more aggressive phenotype of BC and high expression of CXCL1 has been associated with reduced disease-free survival. (30) A recent report demonstrated that CXCL3 and its receptor CXCR2 were overexpressed in prostate cancer cells and expression levels of CXCL3 were closely related to metastatic prostate cancer. (31) Moreover, CXCL3 is involved in the metastasis of breast cancer. (32) These findings suggested that CXCL1 and CXCL3 may be potential targets for cancer therapy, including BC. The identification of novel molecular pathways regulated by the miR-139-5p/miR-139-3p/MMP11 axis may lead to a better understanding of BC progression and metastasis.
In conclusion, downregulation of dual-strand miR-139-5p and miR-139-3p was validated in BC clinical specimens, and these miRNA were shown to function as tumor suppressors in BC cells. To the best of our knowledge, this is the first report demonstrating that tumor-suppressive miR-139-5p and miR-139-3p directly targeted MMP11. Moreover, MMP11 was upregulated in BC clinical specimens and contributed to migration and invasion through its regulation of several oncogenic genes. Expression of MMP11 might be a useful prognostic marker for survival of BC patients. The identification of novel molecular pathways and targets regulated by the miR-139-5p/ miR-139-3p /MMP11 axis may lead to a better understanding of BC progression and aggressiveness.
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